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types of fermentation are the elimination of adverse interactions between bacteria and yeast and a reduction in the risk of overproduction of undesirable metabolites, such as acetic acid (related to a low concentration of residual sugars), and other metabolites, like biogenic amines and ethyl carbamate [3, 22, 26, 27, 32, 40] . However, problems with the proper initiation and control of the process of wine production in the classical system have prompted a search for new alternative methods of MLF induction. The laboratory-scale studies carried out to date have considered the effects of a range of inoculation timings. The bacteria can be introduced together with the yeast (co-inoculation), at the beginning of the alcoholic fermentation, in the middle of the process, or at its end [1, 2, 14-19, 31, 37] . However, the results are inconsistent and deal with the processing of grapes with significantly lower concentrations of malic acid (1.6-6.5 g/L) than the grapes used in our study (6.54-9.5 g/L). The acidity of grape must and the concentration of malic acid in our data are significantly higher than presented elsewhere in the literature. No published data have been found so far for vinification process of such high-acid grape musts. Our work was performed in three winemaking seasons, using one O. oeni strain (suited to low-pH must) and four different cultivars of white and red grapes originating from Polish vineyards, in the region of Central Europe belonging to zone A-the coldest area in the European Union winegrowing zones.
The aim of this study was: (1) to examine the course and the efficiency of MLF in four variants of winemaking process: alcoholic fermentation alone (AF), co-inoculation of yeast and bacteria (COI), sequential inoculation (SEQI), and spontaneous malolactic fermentation (SPONT); (2) to investigate the influence of the tested variants on the basic enological parameters affecting wine quality; (3) to select the best scenario for vinification of grape cultivars characterized by elevated levels of malic acid.
Materials and methods

Microorganisms
Commercially available preparates were chosen for vinification process: yeast Saccharomyces cerevisiae (Lalvin EC-118, Lallemand, USA) and bacteria O. oeni (Lalvin VP41, Lallemand, USA). One O. oeni preparate (suited to low-pH must) was used to avoid the additional factor (different microorganisms) influencing the course of malolactic vinification process and the quality of the obtained wines. The rehydration process was performed according to product specification.
Grape musts and vinification process parameters
Two white (Chardonnay and Kerling) and two red (Rondo and Pinot noir) grape varieties were chosen in three different wine seasons (2009, 2010 , and 2012) for grape wine production. The grapes were obtained from Mierzecin Vineyard in Poland. The vinification process was conducted in 15-L glass containers as laboratory-scale experiment.
Four different variants of vinification process were performed: (1) AF-only alcoholic fermentation (as control), (2) co-inoculation (COI)-as simultaneous inoculation of yeast and bacteria, (3) sequential inoculation (SEQI)-malolactic fermentation induced at the end of alcoholic fermentation, and (4) spontaneous malolactic fermentation (SPONT) without MLB inoculation.
The inoculation of yeast was done for all variants in the first day of vinification. Malolactic bacteria inoculation was dependent on the evaluated variant: in co-inoculation (in the first day) and for sequential inoculation (after 7 days of winemaking process). To avoid the MLF in the variant of AF (alcoholic fermentation alone), an additional sulfitation process was performed (after 1 month of vinification, 10 g of K 2 S 2 O 5 /h L). Whereas spontaneous malolactic fermentation was performed without MLB inoculation, only common treatments for inducing this process were performed (general lower sulfitation, microoxygenation, and bacteria nutrient supplementation). The detailed schedule for all variants is presented in Table 1 .
Chemical analysis of musts and wines
The soluble solids in grape musts were measured by refractometer (°Bx). The value of pH was evaluated according to OIV-MA-AS313-15, total acidity according to OIV-MA-AS313-01, and volatile acidity according to OIV-MA-AS313-02 [36] . The concentration of sugars (glucose and fructose), organic acids (malic acid, lactic acid, and citric acid), ethanol, and glycerol was established using HPLC (Waters Alliance 2695 equipped with BioRad Aminex HPX-87H column, 300 × 7.8 mm, and RI detector; eluent: 1.5 m M H 2 SO 4 , flow rate: 0.4 mL/min, column temp. 50 °C, and detector temp. 45 °C).
Samples purposed for HPLC analysis were frozen. Next, directly before analysis samples were defrosted, appropriately diluted, and filtered with 0.45-µm Millipore filters.
Statistical analysis
The presented data are mean values of three replications ± SD. The significant differences between samples were analyzed using PQ Stat Software (Tukey test, P < 0.05).
Results and discussion
Characteristics of cool-climate grapes
The different climatic conditions determine very significantly the chemical composition of fruits/grapes. According to wine production in European Union 21, wine-producing countries are divided into zones depending on the climate (average temperature, exposition on sun, humidity, etc.). The north part of Europe (Poland, Germany, Czech Republic, Belgium, and others) belongs to the zone A, where the climatic conditions for vine growing are the most difficult-these are cool-climate countries. Other zones (from B, through CI, CII, CIIIa, to CIIIb) include countries with different climatic conditions (coming from north to south part, directing to warmer climate). This division was made to regulate certain aspects of winemaking with consideration to the climate influence on the grapes quality [24, 33] .
An important indicator of the maturity of grapes is the ratio of glucose to fructose [38] . At a value of about 1:1, the grapes have reached full physiological maturity. Unripe grapes have higher glucose content, while overripe grapes have a higher fructose levels. In our study, the grapes collected in the 2010 season had not reached maturity, as they showed a higher content of glucose, with a glucose-tofructose ratio of 1:0.88. In grapes from other winemaking seasons, the ratio varied from 1:0.96 to 1:0.98, indicating physiological and technological maturity ( Table 2 ). The sugar concentration of the 2010 grapes was also significantly lower (20.5 ± 0.1°Bx) than in the 2009 and 2012 grapes (22-24 ± 0.2°Bx) ( Table 2 ).
The acidity of the studied grapes was typical of grapes from cool-climate regions. However, it must be emphasized that both the total acidity (9.38-12.14 g/L) and the malic acid concentration (6.54-9.5 g/L) were higher than other grapes presented in the literature (Table 2) [1, 8, 14, 18, 19, 30, 34, 39, 43] . 
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Impact of MLF on alcoholic fermentation
The production of grape wine was performed in laboratory scale (15 L of volume each fermentor) which need to be taken into account when analyzing the results. The wine made from the 2010 grapes had a lower final ethanol concentration (a mean value of 11.0-11.3% v/v) than that made from grapes from the other seasons (with a mean value of 12-13.3% v/v) ( Table 3 ). In all the studied vinification processes, no significant effect of MLF on the efficiency of alcoholic fermentation was noted. The highest dynamic of ethanol production was observed during first week of vinification process (Table 3) . After this time, the ethanol concentration changed only very slightly. The final concentrations of ethanol obtained in the vinification with alcoholic fermentation only (AF) did not differ considerably from those obtained in the other variants of the process (COI, SEQI, and SPONT) ( Table 3 ). This result confirms the observations of other authors who have reported no disturbances to alcoholic fermentation when employing similar bacterial inoculation variants [1, 14, 19, 30, 39, 43] . Although some authors have pointed to disturbances in alcoholic fermentation attributed to the activity of malolactic bacteria, these have concerned the viability of the yeast-a reduction in their growth dynamics and metabolic activity-with no significant influence on the final ethanol content in wines [7, 34] . Besides ethanol and CO 2 , glycerol is also synthesized during alcoholic fermentation. This is a product of the reduction in dihydroxyacetone phosphate, and its level has a crucial effect on the final quality of wine. The concentration of glycerol depends on the grape microflora, the parameters of the vinification process, the type of yeast, the sulfitation intensity, and the temperature [11, 12, 15, 21, 25] . No significant influence of an inoculated secondary fermentation (COI and SEQI) on the final content of glycerol in the studied wines was observed, which agrees with the observations of Abrahamse and Table 3 Concentration of ethanol during vinification process
The data are the mean of triplicates ± SD (a,b,c) Denotes statistically significant differences (P < 0.05) between the different MLB inoculation scenarios . Glycerol is known to be a source of carbon for microorganisms living in wine-both acetic and lactic acid bacteria can use glycerol for their metabolic processes. This particularly applies to infected grapes and musts, as well as to spontaneous processes [11, 12, 15, 25] . Similar observations were made in our study. A significantly lower concentration of glycerol was found in the wines obtained with spontaneous MLF (Table 4) . It can be supposed that it is a consequence of glycerol consumption by native malolactic bacteria. However, to certify this statement some additional parameters like byproducts of microbial glycerol degradation need to be investigated.
In all the wines we produced, the concentration of residual sugars varied from 2.08 to 5.19 g/L (Table 4) ; they can thus be classified as dry. The MLF process was found to have a significant effect on the residual sugar level: Significantly lower concentrations of residual sugars were noted in the wines obtained by applying the inoculated (simultaneous or sequential) MLF; this is a great advantage of these MLF processes. The lower concentration of sugars enhances the microbiological stability of the wine and protects it from microbiological synthesis of undesirable metabolites that can contribute to spoilage [34] .
Course and yield of malolactic fermentation
The acidity of grapes and wine is determined by the concentration of tartaric and malic acid, considered together; .48%* these make up 90% of the total content of organic acids in wine. The concentration of tartaric acid does not significantly change over the course of vinification, though it may be slightly reduced as a consequence of the metabolism of S. cerevisiae yeast and malolactic bacteria, and as a result of tartaric acid salt precipitation (known as wine stone) during cold stabilization [11, 12, 15, 21, 24, 25] . The concentration of malic acid can reach up to 10 g/L, especially in grapes grown in cool-climate regions [33] , but can be reduced to zero in the MLF process. As a result of decarboxylation, 1 g of malic acid gives theoretically 0.67 g of lactic acid and 0.33 g (165 mL) CO 2 [11, 15, 21, 23, 24] . The course of the bioconversion of malic into lactic acid was evaluated for the studied variants of vinification processes. The highest dynamics of the conversion were observed in the Chardonnay 2009 (Fig. 1) . The greatest reduction in malic acid concentration, and thus the greatest synthesis of lactic acid, was observed in the first month of the process. After this, the parameters stabilized. For the other types of the wines studied (Pinot noir, Rondo, and Kerling) the dynamics of conversion were lower and the process stabilized after 3 months of vinification (Figs. 1, 2) .
The reduction in malic acid concentration with simultaneous biosynthesis of lactic acid was observed in each process. Much lower yields of MLF were noted in the variants with no bacterial inoculation (on average 19.03 and 31.17% of the theoretical yield in the alcoholic fermentation and spontaneous MLF variants, respectively) (Fig. 3) . To initiate spontaneous MLF, the following specific treatments were performed: lower sulfitation, microoxygenation, and supplementation of nutrients for bacteria (Table 1) [2, 16] . Unfortunately, these conditions were not sufficient to obtain satisfactory results. The spontaneous MLF process brought about an average reduction in malic acid concentration by 39.95% (Fig. 3) , a reduction in total acidity from 2.12 to 2.82 g/L as tartaric acid, and an increase in pH from 0.06 to 0.18 (Table 5) .
Taking into account the effectiveness of deacidification of the applied vinification techniques, the tested variants can be lined up in the following order: COI > SEQI > SPONT > AF (Fig. 3) . The highest dynamics and yield of malic to lactic acid bioconversion were observed during the simultaneous alcoholic and malolactic fermentation. With co-inoculation, the reduction in the concentration of malic acid varied from 83.97 to 94.84%, and the yield varied from 71.48 to 85.32% of the theoretical value (Fig. 3) . The same variant had the greatest reduction in total acidity (from 2.99 to 3.68 g/L) and the greatest increase in pH (from 0.34 to 0.43) (Table 5 ). Likewise, Munoz et al. [34] have reported a greater reduction in the level of malic acid with simultaneous alcoholic and malolactic fermentations than in the case of sequential bacteria inoculation (in the middle and at the end of alcoholic fermentation). Similar observations have also been made by Jussier et al. [18] in the production of Chardonnay from grapes grown in cool-climate regions. The initial malic acid concentration did not influence the effectiveness of MLF (P > 0.05).
Complete conversion of all malic acid was not obtained in any of the wines studied in this work. The (Figs. 1, 2) . Tristezza et al. [39] have also reported that they did not obtain complete conversion of malic acid. A few authors have described an almost complete reduction in malic acid concentration, but it should be noted that, in these studies, the initial concentration of malic acid was much lower (ranging from 1.15 to 2.55 g/L) [1, 8, 14, 30, 43] than in the musts studied here (Table 2) . Lactic acid is known for its antimicrobial activity, so it can be expected that, in higher concentrations, it might show an inhibitory effect also against MLB. Given this, it can be assumed that the malolactic activity of O. oeni may be inhibited above a certain lactic acid concentration. Thus, it can be postulated that in case of high-acid musts, a total reduction in malic acid can be not possible.
Citric and acetic acid metabolism
Apart from malic acid, the concentrations of citric and acetic acid also have a significant influence on the quality of wine. In the MLF process, citric acid can be metabolized to pyruvate, lactate, acetate, ethanol, and diacetyl. From the perspective of wine quality, the bioconversion of citric acid to acetic acid and diacetyl is particularly adverse. Acetic acid concentrations are limited by strict quality standards, and this acid is responsible for a vinegary aroma and taste, which disqualifies the wine [25, 38] . Small concentrations of diacetyl give pleasant, delicate notes of nuts, caramel, and a pleasing buttery taste. However, in higher concentrations (above 1 mg/L), it is responsible for less pleasant intensely buttery tones [11, 12, 15, 21, 23, 25, 28, 35] . The metabolites are mainly produced by bacteria involved in spontaneous MLF-namely Pediococcus, Lactobacillus, and Leuconostoc. The O. oeni bacteria synthesize these metabolites in trace and acceptable amounts, so the use of the inoculation process with properly chosen starter cultures seems satisfactory to protect the vinification process and the resulting wine [11, 12, 15, 21, 25, 41] . Table 5 The pH, total, and volatile acidity of the final wines after 180 days of vinification To date, the literature reports on citric acid metabolism in the process of vinification are inconsistent and more information is needed. Canas et al. [8] have demonstrated that a significantly higher reduction in citric acid concentration results upon sequential inoculation of malolactic bacteria than with the co-inoculation method; however, there was no considerable effect on volatile acidity. Zaparolli et al. [43] did not report any effect of the timing of inoculation with O. oeni on the concentration of citric acid. In the wines they studied, the amount of citric acid did not differ significantly from its concentration in the musts. However, Abrahamse and Bartowsky [1] , in a similar study, noted full conversion of citric acid. The differences between the results in the literature may indicate that citric acid metabolism depends on the strain of the bacteria O. oeni involved in MLF and on the parameters of the process (type of must, temperature, SO 2 concentration, time of inoculation, amount of bacteria inoculated, etc.).
In our studies, a reduction in the amount of citric acid was recorded only in the process of spontaneous MLF. In this process, the reduction in the citric acid concentration ranged from 26.8 to 39.3%. In the other variants of the vinification process, the concentration of citric acid did not change (Table 4) . Heterofermentative bacteria of lactic fermentation, including O. oeni, can also use hexose sugars to produce D-lactic acid, CO 2 , and acetic acid [11, 29] . Some authors have thus suggested that MLF can increase the volatile acidity of wine to unacceptable levels, from the point of view of both taste and standards [11, 15, 25] .
It should be pointed out, however, that the increase in volatile acidity caused by MLF has been observed mostly as a result of spontaneous fermentations and the metabolism of wild malolactic bacteria. Recently, an increasing number of authors have reported small differences in the acetic acid concentrations of wines produced using O. oeni bacteria. Almost always, the level of acetic acid has been below the admissible limit and did not affect the quality and aroma of the wines [5, 18, 30, 34] . In our study, when evaluating the effect of MLF on the final concentration of acetic acid, the worst results were obtained for the spontaneous malolactic fermentation variant. Indeed, the volatile acidity was significantly higher than for the other variants, but did not exceed 0.84 g/L (expressed as acetic acid) (Table 5) , which meets the standards for good-quality grape wine. For the other wines, no distinct trend of changes was seen in volatile acidity depending on the vinification technology used. With the control variant (AF only), the volatile acidity did not exceed 0.73 g/L; with the simultaneous AF and MLF (COI) variant, it did not exceed 0.68 g/L; and with the sequential inoculation (SEQI), the highest concentration was 0.71 g/L (Table 5) .
Abrahamse and Bartowsky [1] have also reported that the timing of malolactic bacteria inoculation has no effect on the volatile acidity of the wine, but the concentration of acetic acid in the wine they studied was more than twice as high as in the alcoholic fermentation variant (0.94-0.96 g/L depending on inoculation time; 0.45 g/L with no MLF). Tristezza et al. [39] reported a significant reduction in volatile acidity (0.30-0.31 g/L) as a result of simultaneous yeast and bacteria inoculation, in comparison to sequential inoculation (0.49-0.51 g/L). A similar trend was noted by Knoll et al. [19] in the vinification of cool-climate Riesling: for the four MLF inoculation timings tested (24 h after yeast inoculation and after 40, 60, and 100% of alcoholic fermentation completion), the concentration of acetic acid in the final wine increased from 0.61 to 0.77 g/L, respectively.
This insignificant increase in the concentration of acetic acid in the wines produced with MLF may be not only a result of the bacteria metabolism, but also of the yeast metabolism. It has already been shown that, under stressful conditions, yeast produces a higher amount of acetic acid than under optimal conditions [13] . It is also highly probable that the production of acetic acid during vinification has a strain-dependent (for both yeast and bacteria) and environment-dependent character [39] .
Conclusions
Of the four malolactic bacteria inoculation scenarios tested for use in the vinification process of high-acid musts (with enhanced concentrations of malic acid), the simultaneous inoculation of yeast and bacteria seems to be preferable as it results in the most effective MLF process and the best quality parameters of wine.
In contrast to the prevailing opinion that co-inoculation can result in a disadvantageous increase in volatile acidity, wines obtained with this technique showed no increase in volatile acidity and also showed the lowest concentrations of residual sugars, which is directly related to enhanced microbiological stability and protects against the overproduction of undesirable metabolites.
The timing of malolactic bacteria inoculation had no effect on the metabolism of citric and acetic acids. A significant reduction in the concentration of citric acid and an increase in the volatile acidity were observed only for the spontaneous MLF variant. This confirms the opinion that wine produced through a non-inoculated process (with native MLB) can excessively accumulate undesirable metabolites.
The same dependencies were observed in the three following wine seasons, which allows us to postulate that the simultaneous inoculation of yeast and bacteria is very beneficial in vinifying high-acid grapes. The results and relations presented here facilitate the modeling and optimization of the vinification of uncommon grapes, especially those cultivated in cool seasons or in cool-climate regions, like Central Europe.
